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Hybrid dielectric and iris-loaded periodic accelerating structure
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One disadvantage of conventional iris-loaded accelerating structures is the high ratio of the peak
surface electric field to the peak axial electric field useful for accelerating a beam. Typically this
ratio Eg/E,=2. The high surface electric field relative to the accelerating gradient may prove to be
a limitation for realizing technologies for very high gradient accelerators. In this article, we present
a scheme that uses a hybrid dielectric and iris-loaded periodic structure to fegiiEgto near

unity, while the shunt impedance per unit lengthnd the quality facto@ compare favorably with
conventional metallic structures. The analysis basesamA simulations of such structures shows
that we can lower the peak surface electric field close to the accelerating gradient while maintaining
high acceleration efficiency as measured bAQ. Numerical examples ofX-band hybrid
accelerating structures are given. ZD01 American Institute of Physics.
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I. INTRODUCTION structure. The acceleration mode used here is thg, TWhe
fth or chall fronting f hiah group velocity is typically less than 10% of the speed of
One of the major challenges confronting future high en-jy; "0k small group velocities can be obtained by the use
ergy linear accelerators is the development of high gradient¢ i gielectric constant ceramics which, however, have

accelerating structures. The most commonly studied StruGn. qrawback of an enhanced peak surface magnetic field
ture is a conventional iris-loaded copper structure represenfyi: v results in more power dissipation on the wall. The

ing an evolution from those used at SLAC/SLC to the PrO-result is that the quality factd of a dielectric-lined wave-

lposdeddNLC and pors]smly Ck:LIC; HOWIGVGF n aqltl thi Ins- guide is degraded compared to an iris-loaded structure with
oaded structures, the peak surface electric figldan be an 5 <ame group velocity.

important constraint in such high energy accelerating struc- Based on these observations we might consider a hybrid

Iture deshlgn br(]ecaus_eln is, |r|1 ger.1erallcr founlq 4tOBbe a fact?]r of Blielectric and iris-loaded structure in order to produce a de-
arger than the axial acce eration fiek, . ecause the ice which balances higp and reduced surface fields. This

peak surface electric field causes breakdown of the structuraevice is shown in Fig. 1. Calculations of the properties of a
i represents a direct Iimitat_ion on the maximum aCCeIeraﬁorhybrid traveling-wave acceleration structure at 11.4 GHz as a
grad|ent that can be obtalne_d. _If the peak S‘Jfface electriginction of iris size and permittivity of the loading dielectric

fleld exceeds the breakdown.I|.m|t at the operating frequency, . performed. We show that it is indeed possible to signifi-
it can cause damage to the irises through arcing and dew'?:%ntly reduce the ratio of the peak surface electric field to the

the structure. Thus,.the h'g,h ratio &; to Ea I|m|t§ th?, ccelerating field gradient without diminishing to any great
achievable accelerating gradient, assuming the availability Ozxtent the shunt impedance per unit lengtandr/Q
high power rf sources is not a constraint here. In this article, '

we propose a hybrid dielectric and iris-loaded acceleration

structure that has a lower ratio Bf, to E,, and comparable

s_hunt |_n_1pedance per unit I_engthand r'Q W|tr_1 aconven- .\ MERICAL METHOD
tional iris-loaded accelerating structure. Using this device

E./E, can be reduc.ed to {apout 1, while maintaining reason- o way to study traveling-wave structures is to use a
ably good acceleration efficiency as measured Byndr/Q. 1 merical code such aaiPERFISH or MaFiA 10 These codes

The upper limit of the accelerating gradient can be increasef,yige accurate fields and other electromagnetic properties
depending on the dielectric breakdown properties at highy 5 standing wave structure. Loest alX! showed that by

fields. ) i . . . using rf properties of standing-wave structures, one could
The use of uniform dielectric-lined circular Wa"eg“'desobtain if properties of the corresponding traveling-wave

as accelc_eratiir;g structures has been discussed in many preghcyres. This conversion will be briefly outlined in the
ous studieS~® One distinct advantage is that the axial accel'following.

erating electric field is the maximum field in this class of Consider a periodic structure as shown in Fig. 1. It is

well known that the axial electric field, of the TMy; mode
dElectronic mail: wg@hep.anl.gov in the traveling-wave periodic structures can be expressed as
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FIG. 1. Schematic drawing of a hybrid dielectric iris-loaded accelerating L
structure. The function of the dielectric is to reduce the surface electric field #

on the iris relative to the axial accelerating field. In the figure, region | is €81
vacuum; region Il is ceramic with dielectric constantegion Ill is copper.

a is the iris radiusb is the outer radius, anld is the beam hole radius.is

the thickness of the iris andlis the length of one cell. In this article, we use
a to denote the iris radius for both hybrid dielectric iris-loaded structures
and pure iris-loaded structures.

FIG. 2. Electric field pattern of the7Z3 mode in an iris-loaded accelerating
structure. The iris radiua= 5.6 mm, the iris thickness= 1.0 mm, and outer
radiusb=11.1254 mm. Her& /E,=2.4.

going left canceled and those going right reinforced and thus

n=to _ obtain the traveling-wave field component in the structure.
EZ,TW:nZw an(r)el @A), (1) This can be achieved by multiplying by e/(Pod~ ™2 andB
N by /™2, and adding them up. Then we have
wherea,, is the amplitude of the space harmonic of index o
27Nz Bel ™24+ Ael(Bod~72)= 2 singod >, ael@t=And. (5
ﬂnzzﬂoz+ d (2) - "

dhe amplitude and phase of the field components of traveling

where 3, is the propagation constant of the space harmoni ! . :
P propag P waves can be obtained by the following equations:

of index n, andd is the spatial periodthe length of one

cell). The propagation constant of such a JjMvave is the A%+ B2—2ABcosBd
same as3,. [ TW?= A st Byd ,

With Neumann boundary conditiong&(=0) applied at 0 ®)
z=0 andz=\ (wherex =2/ ), the axial electric fields of B— A cosfd
the standing waves can be expressed as tan6(z) = W’

n=+o®
E, sy=el“! 2 2a, cosp,z. 3) whereA andB are amplitudes of the standing waves that are
’ n=—o functions ofz.

The group velocity of a traveling wave can be calculated

The factor of 2 comes from the summation of two '[ravelingfrom the energy velocity = P/U, 12 where P is the time
g ’

waves of amplitudea,,. This equation takes the same form ) : .
b " 9 average power flow in such structure, abdis the time

for the other field components. f the stored it lenath. The shunt i
Using MAFIA, one can calculate resonant frequencies,average ot the stored energy per unit lengin. 1he snunt im-

stored energies, and power dissipation of resonant modes fhedance per unit length of a traveling-wave accelerating

an array of cavities. The standing-wave field components

output by the code can be analyzed as follows to obtain the

traveling-wave components.
If two traveling waves of the proper phase can add up to

a standing wavéEg. (3)], there must conversely be two ap-

propriately phased standing waves that add up to a travelin

wave. Assuming the first standing waveAs and the second

standing waveB is obtained by shiftingA to the left byd,
then

+ oo + oo
B=el“> 2a,cosB,(z+d), A=el“'> 2a,cosB,z. b
4 ®

CST

Both of these standing waves are made up of one traVe“nglG. 3. Electric field pattern of 23 mode in a hybrid dielectric iris-loaded

wave g(_)ihg left and one going right. It is possib!e to addaccelerating structure. The=6, a=4.0 mm, b=5.361 mm, and the beam
them with the proper phases to have the traveling wavesole radiush=2.0 mm. E¢/E,=1.01.
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FIG. 4. Amplitude and phase plot &, at r=0 in a hybrid dielectric t
iris-loaded traveling-wave structure. The geometric parameters of this struc-
ture are given in Fig. 3.
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structure, which measures the effectiveness of producing an

accelerating gradient for a given power dissipated, is definediG. 5. (Color) The contour plot and corresponding surface plot show the
by13 distribution of electric field amplitudes in a pure iris-loaded traveling-wave
structure. The geometric parameters of this structure are given in Fig. 2. In
E2 E2Qu E2Q both contour plot and surface plot, the dark red indicates the strongest field
a a g a . L.
r= = = , (7) amplitude. We observe that the strongest electric field occurs at the edge of
—dP/dz wP oU

the iris. In this casekE¢/E, is about 2.4.
whereE, is the accelerating field gradient, arddP/dz is
the resistive power dissipation per unit length in the walls of _ . .
the structure. For traveling-wave structur&s, is the peak Program was written to extract the field solutions and mesh
axial electric field. Since we already have the field solutiongnformation of the standing-wave solution, and then carry out
of the resonator it is easier to obtainfrom the effective the conversion from standing-wave solutions to traveling-
shunt impedance per unit |ength of such Standing_wavévave solutions using the method outlined in Sec. Il.

structurer g, The relation between andr g,y is expressed Figures 2 and 3 show th@ariA simulation results for
as simply ag =2rg. the electric field pattern of the7Z3 mode in a pure iris-

One can also uséd Q=E2/wU to measure the efficiency loaded structure and a hybrid dielectric iris-loaded structure,

of acceleration per unit stored energy at a given frequency. leSpectively. Because of the axial symmetry, only the upper
is useful because it is a function only of the cavity geometryhalf part of the longitudinal cross section is plotted.

and is independent of the surface properties that determine The conversion of standing waves to traveling waves
the power losses. according to Eq(6) was carried out. Figure 4 shows the

amplitude and phase of the axial electric field of the resulting
traveling wave in a hybrid dielectric iris-loaded structure
(with a=5.5mm, b=6.923 mm, andh=4 mm). Other field

In this article, we specialize our investigation to considercomponents can be obtained through a similar procedure.
only the 27/3 mode of the propagated wave, whose wave-

length \ is equal to the total length of three cells when the” C@lculation of pure iris-loaded traveling-wave

phase velocity is the speed of light as required for the acceptructures

eration of ultrarelativistic particles. First, we calculated a  The corresponding traveling-wave parameters of Fig. 2
resonator with three cellsvith Neumann boundaries; =0 structure were calculated and given below in Table I. In a
atz=0 andz=\) usingMAFIA. The field solutions and mesh pure iris-loaded structure, the group velocity of the jiM
coordinates were output to ASCII data files. A postprocessingvave and shunt impedance per unit length are determined by

T-amsizm

IIl. NUMERICAL RESULTS

TABLE I. 11.424 GHz pure iris-loaded traveling-wave structure.

a (mm) b (mm) t (mm) d (mm) E./E, r (MQ/m) Q r/Q (Q/m) vg (€)

10343 0.088

5.6021 11.1254 1.0 8.7535 2.4 75.6 7251
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Beam Hole Radius vs. EJ/E,, Beam Hole Radius vs. Group Velocity
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Beam Hole Radius (/}\‘) FIG. 7. Bea_tm hole radius Vs group velocity in a hybrid dielectric iris-loaded
structure with geometry as in Fig. 6.

FIG. 6. Beam hole radius vs Eg/E, in a hybrid dielectric iris-loaded

structure. Heree=6, and the iris radius is fixed as 4.0 mm. The wave-

lengthX\ is equal to the total length of three cells, and is 26.2605 mm. In all

calculations, the iris thicknedsis fixed as 1.0 mm. The outer radibsis ~ self-consistent calculation of hybrid structures with a fixed

adjusted accordingly to have the phase velocity of the,TMode equal  jris radius and a range of dielectric constanand also vary-
toc. ing the beam hole radius.
To illustrate our point, we have chosers=6 as our first
example. Figure 6 shows,/E, as the function of beam hole
the radius of the irises. MeanWhiIe, the outer radius of thQ‘adius_ Its value ranges from 0.8 to 15’ Signiﬁcant'y lower
cylinder has to be adjusted to maintain the phase velocity ofhan the pure iris-loaded structure case described in Fig. 2.
the TMy; wave synchronized with the beam veloaityThus,  Figure 7 shows the effect of the beam hole radius on the
the iris radius is the governing geometric parameter for the rbroup velocity of the T\, mode for the same structure pa-
properties of a pure iris-loaded accelerating structure. For thesmeters. In order to have a fair comparison for all the pa-
structure with iris radiusa=5.6 mm, resulting in a group rameters studied here, we have chosen the group velocity to
velocity of 0.088. The shunt impedance per unit lengtis  pe nearly the same as in the pure iris loaded case. Table II
75 MQ/m, and the quality facto@ is 7251. gives the geometric parameters and rf properties of a hybrid
The contour plot and surface plot of the distribution of stryctures for two different beam hole sizes. The first case,
electric field amplitude are shown in Fig. 5. We can easilywith beam hole radius of 4 mm and iris radius of 5.5 mm,
identify that the peak surface electric field occurs at the edg@ives a shunt impedance of 38(Mm with Q=4506. One
of the iris, andEs/E, is about 2.4. could decrease the beam hole to increase the shunt imped-
ance and) as shown in the second case of Table Il. The ratio
E;/E,=1.01 is obtained. For a beam hole raditdmm and
adjusting the other parameters accordingly, we obtain
=66 MQ/m, slightly lower than that of the pure iris-loaded
Unlike pure iris-loaded structure, the group velocity andstructure listed in Table I. Meanwhile, the quality factr
shunt impedance per unit length of acceleration T, =4899 is about 30% lower than the pure iris-loaded case due
mode in a hybrid dielectric iris-loaded structure is not onlyto the increased surface magnetic fields. However, the accel-
the function of beam hole radius, but also iris radius anderation efficiency measured byQ is also improved by 30%
dielectric constant. For a given group velocity, the outer raand Eg/E ~ 1. Figure 8 shows the contour plot and surface
dius of the cylindeb is determined to synchronize the phaseplot of electric field distribution in the hybrid structure given
velocity with the beam velocity. In this section, we give ain Table Il. It shows that the peak surface electric field is

B. Calculation of hybrid dielectric iris-loaded
traveling-wave structures

TABLE II. 11.424 GHz hybrid dielectric iris-loaded traveling-wave structuse=@,t=1.0 mm).

a (mm) b (mm) k (mm) d (mm) E./E, r (MQ/m) Q r/Q (Q/m) vg (C)
5.5 6.923 4.0 8.7535 11 38.0 4506.0 8433.2 0.089
4.0 5.361 2.0 8.7535 1.01 66.8 4899.0 13635.4 0.087
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FIG. 9. Shunt impedance, normalized shunt impedance, and quality factor
of the hybrid dielectric iris-loaded structure as functions of the beam hole
radiush. Device geometry as in Fig. 6.
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FIG. 8. (Color) Contour and surface plots showing the distribution of elec- will also be mvestlgated. If dielectrics can maintain these
tric field amplitude in a hybrid dielectric iris-loaded traveling-wave struc- field magnitudes, then the scheme we analyzed in the article
ture. The parameters of this structure are given in Fig. 3. In both plots, theyould provide an alternate approach that lowers the peak
dark red indicates the strongest field amplitude. We can see the strongegibid on the iris by more than a factor of two. This may be an
electric field on the iris surface is about the same as the axial electric field in .. .
this caseE, /E, is about 1.01. important factor for realizing accelerating structures for very
high gradient accelerators.
The variation of shunt impedance per unit length/Q,

_ . and quality factoQQ as the functions of the beam hole radius
reduced to the same magnitude as the peak axial electrigre shown in Fig. 9. For a fixed iris radius and dielectric
field. Therefore, hybrid dielectric iris-loaded structures re-

duce the peak surface electric field with comparab(@ to
iris-loaded structures. However, one should notice that the Iris Radius vs. Group Velocity

contact between the irises and the dielectric must be as close ~ °-2°
as possible. One might expect that if there is a large gap
existing between a metallic iris and dielectric resulting from 018
fabrication, and then the electric fields on the irises could be 016 | Beam Hole Radius = 4mm (0.152322)
enhanced. From qualitative analysis, the surface electric field A is the wavelength
on the iris will go up as the gap increases. Detail study of 0.14
this effect should be investigated in the future, and other
engineering issues should also be addressed. 0.12 4

Although we could lower thé&¢/E, by introducing di- g
electric loading into the structure we have to encounter an- 8o °*°
other unknown problem: dielectric breakdown under high 008
frequency rf fields. The dielectric breakdown limit becomes er=4
the constraint of the maximum achievable accelerating gra- 0.06 1 er=6
dient instead of the surface breakdown limit of copper in L E’ifo
pure iris-loaded structures. Dielectric breakdown at various 0.04 o
frequencies has been studied in wakefield acceleration
experiments? and showed no sign of breakdown up to 20 0.02 1=
MV/m at 15 GHz. Besides dielectric breakdown limit, other 6.00
mostly unknown factors, such as Joule heating and vacuum ' 0.16 0.18 0.20 0.22 0.24
properties of dielectric loaded structures under high rf power, Iris Radius (/A)

should also be weighed in to evaluate this type of hybrid
dielectric iris-loaded structure. With a recently proposedF'G- 10. Iris radiusa vs v 4 for 27/3 mode in a hybrid dielectric iris-loaded

. 5 tructure, when the beam hole radiuss fixed as 4.0 mm, and the wave-
eXpe”meml’ breakdown phenomena can be explored afength)\ is 26.2605 mm. Varying the dielectric constant of the loading ce-

50—7_0 MV/m field strengths, approaching the NLC des"?@amics.g and iris radiusa, the outer radiu$ is adjusted accordingly to have
gradient. Moreover, Joule heating and vacuum propertiesie phase velocity of Tly} mode synchronized with the speed of light
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Iris Radius vs. Shunt Impedance Iris Radius vs. E¢yE,
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FIG. 11. The shunt impedance per unit lengtbf 27/3 luminal mode in a —— &=10

hybrid dielectric iris-loaded structure, when the beam hole raldiissfixed 0.6 0 '16 018 0.20 0.22 024

as 4.0 mm, and the wavelengthis 26.2605 mm. . .
Iris Radius (/A)

L . FIG. 13. The ratioE,/E, of the luminal 27/3 mode as a function of iris
constant, a smaller beam hole radius is preferred for achieVagiysa and dielectric constant in the hybrid dielectric iris-loaded struc-

ing higher acceleration efficiency and less power dissipatiofure. All other structure parameters as in previous figures.
on the wall.
The overall optimization of the parameters is compli-

cated because we have to consider three variab)es: and . S .
. . . hosen as 0.250r 4 mm. Figure 10 shows iris radius versus
b. Iris thicknesst and the beam hole radius are assume ) . .
' . . . group velocity for several dielectric constants. The results
fixed for the following calculation. The beam hole radius was? . o . .
indicate the group velocity is mostly determined by the size
of iris, note. Figures 11 and 12 showandQ as a function

Iris Radius vs. Q of a ande. The highe gives lowerQ. Therefore, the optimal

6500 e for this structure is between 4 and 6.
6000
Iris Radius vs. r/Q
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FIG. 12. The quality factoQ of 2#/3 luminal mode as a function of iris Iris Radius (/1)

radiusa and dielectric constant in the hybrid dielectric iris-loaded struc-
ture, when the beam hole radibgs fixed as 4.0 mm, and the wavelength  FIG. 14.r/Q of the 27/3 mode as a function of iris radiwsand dielectric
is 26.2605 mm. constante in the hybrid dielectric iris-loaded structures.
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